Aims/hypothesis It is well documented that melatonin influences insulin secretion mediated by G-protein-coupled melatonin receptor isoforms MT1 and MT2, which are present in rat and human pancreatic islets, as well as in rat insulinoma cells. Recent investigations have proven that hyperinsulinaemic Goto-Kakizaki (GK) rats, which are a rat model of type 2 diabetic rats, and humans have decreased melatonin plasma levels, whereas a streptozotocin-induced rat model of diabetes developed reduced insulin levels combined with increased melatonin levels. Methods Plasma levels of glucose, insulin and melatonin as well as RNA expression of pineal Aanat, Hiomt (also known as Asmt), insulin receptor, adrenoceptor β1 and the clock genes Per1 and Bmal1 (also known as Arntl) were determined in male and female LEW.1AR1-iddm rats as well as in insulin-substituted LEW.1AR1-iddm rats.
tion from pancreatic islets as well as from rat insulinoma beta cell line (INS1) cells via a direct effect on the beta cell, which occurs in a concentration-dependent manner [1] [2] [3] . It is generally accepted that, in addition to nuclear and cytosolic binding sites, melatonin exerts its biological effects through specific, high-affinity, pertussis toxinsensitive, G i protein-coupled, seven-transmembrane melatonin receptor isoforms MT 1 and MT 2 [4, 5] . This is also true of pancreas, islets and pancreatic beta cells (INS1 cells) of rats [2, [6] [7] [8] [9] , as well as of the pancreas and pancreatic islets from humans [10, 11] . Recently, it became possible to identify the intracellular signal cascades of pancreatic beta cells that are melatonin-dependent. Our own previous investigations have shown that the MT 1 and MT 2 receptors of pancreatic beta cells are linked to adenylate cyclasecAMP [2] , the phospholipase C inositol-1,4,5-triphosphate (IP 3 ) [12, 13] and the guanylate cyclase-cGMP pathways [14, 15] . It was confirmed that melatonin inhibits the cAMP and cGMP pathways and consequently decreases insulin release [2, 8, 14, 15] . In addition, the effects of melatonin are mediated by G q -proteins, phospholipase C and the second messenger IP 3 , which mobilises Ca 2+ from intracellular stores, resulting in increase of insulin [12, 13] . In this context, recent investigations have analysed the plasma levels of melatonin in slightly hyperinsulinaemic GotoKakizaki (GK) rats, a rat model of type 2 diabetes [16] , as well as in a hypoinsulinaemic streptozotocin-induced rat model of type 1 diabetes. GK rats had reduced plasma melatonin levels, whereas these were increased in streptozotocin rats [17] [18] [19] . Furthermore, it was proved that the reduced plasma melatonin levels were coupled with decreased pineal melatonin synthesis in GK rats [18, 20] . On the other hand, the high melatonin plasma levels in streptozotocin rats were associated with increased expression of Aanat mRNA [21] . These results are in agreement with observations that administration of melatonin [22] [23] [24] [25] [26] [27] or pinealectomy [28, 29] affect metabolic disturbances related to plasma insulin and diabetes [19] . Using the LEW.1AR1-iddm rat, we analysed the situation in a spontaneous animal model of human type 1 diabetes. We also investigated the effect of insulin substitution on melatonin levels, thereby confirming the existence of melatonin-insulin antagonism.
Methods
Animals The LEW.1AR1-iddm rat is an animal model of human type 1 diabetes with a fully competent immune system [30] . Disease manifestation occurs around day 60 of life. After a short pre-diabetic phase, beta cells in the immune cell-infiltrated pancreatic islets are quickly destroyed, resulting in a stable hypoinsulinaemic state [30] . For our experiments, normoglycaemic LEW.1AR1 rats (controls), LEW.1AR1-iddm rats (diabetic) and LEW.1AR1-iddm rats treated for 10 days with implanted insulin-pellets (diabetic+insulin) (Linplant sustained release insulin implants; LinShin, Toronto, ON, Canada) were used. It was impossible to set up a sham-operated group lasting for 10 days, as the animals die within 2-3 days without insulin substitution. In addition, such an experiment without insulin substitution would not have been approved by the local Ethics Committee due to violations of animal welfare regulations. The rats were caged in groups of three animals and subjected to a 12 h light-dark cycle (light on at 07.00 hours) with a controlled temperature of 22±1°C and a humidity of 50-60%. Rats were fed a standard diet (Altromin 1314; Altromin, Lage, Germany) and had free access to food and water.
Chemicals All chemicals were purchased from Sigma Chemicals (St Louis, MO, USA).
Groups and design of work The animal groups consisted of: (1) 75 male and 55 female normoglycaemic rats (controls); (2) 75 male and 55 female hyperglycaemic rats (diabetic); and (3) 50 male and 50 female insulinsubstituted diabetic rats (diabetic+insulin). The last group had insulin pellets implanted under the skin of the neck shortly after the onset of diabetes. The implants, which (according to the supplier) release about 2 U of insulin per 24 h for up to 40 days were split into halves before implantation, thus half of the dose was applied per animal. The rats became diabetic about day 60 of their life and were killed immediately thereafter (except insulin-substituted animals). Age-and sex-matched control animals served as controls for the diabetic groups. Rats with insulin implants (diabetic+insulin) were killed around day 70 of their life, i.e. about 10 days after implantation at time of diabetes manifestation. For the sampling of a circadian series, animals of both sexes from the three cohorts were killed at 3 h intervals, with blood and tissue of at least five randomly chosen animals collected per time-point. For daytime-dependent examinations, killing and tissue sampling was performed by heart ventricle puncture while under deep anaesthesia. For peripheral blood glucose determination, blood of the tail vein was measured. Insulin and melatonin concentrations were determined in the blood plasma collected by heart ventricle puncture. Tissue sampling was continued under red light during the dark phase. Pineal glands were removed immediately, snapfrozen in liquid nitrogen after removal from the skull cavity and stored at −80°C. Animal experiments were performed according to German animal welfare regulations (permission number 2-737 MLU of the Landesverwaltungsamt Sachsen-Anhalt, Germany).
Serum analyses
The plasma levels of rats were investigated with regard to diurnal variations of glucose, insulin and melatonin. Blood glucose was analysed with a glucometer (MediSense Precision Xtra, Abbott Diagnostics, Wiesbaden, Germany), which functions on the basis of an enzyme-amperometrical principle. In both cases, the coefficients of correlation for comparison with the hexokinase and glucose dehydrogenase methods were 0.998. Insulin and melatonin levels were analysed by RIA using commercial kits. The insulin kit (Coat-ACount; Diagnostic Products, Biermann, Bad Nauheim, Germany) is based on a competitive hard-phase RIA for quantitative analysis of serum insulin. The RIA kit for measurement of melatonin levels (Melatonin rat RIA; Labor Diagnostika Nord LDN, Nordhorn, Germany) required 50 μl blood plasma. Standards were within the range of 51-17,220 pmol/l; the sensitivity limit of the assay was 39 pmol/l for serum and 31 pmol/l for plasma, respectively. Catecholamine levels were determined by specific ELISAs (2-Cat A-N research ELISA; Labor Diagnostika Nord) according to the manufacturer's instructions. The limit of sensitivity was 1.638 nmol/l for adrenaline (epinephrine) and 1.182 nmol/l for noradrenaline (norepinephrine). All measurements were carried out in duplicate, except for glucose determinations, which were done in triplicate.
RNA extraction and reverse transcription Pineal glands were snap-frozen in liquid nitrogen immediately after animals were killed and stored until extraction at −80°C. To extract total RNA from the pineal organs, single frozen glands were directly submerged in the extraction reagent and homogenised by vigorous pipetting. Total RNA extraction then proceeded using a Trizol-based extraction technique according to the manufacturer's instructions (PEQLAB Biotechnologie, Erlangen, Germany). RNA concentrations were determined by spectrophotometry at 260 nm and total RNA quality was assessed by electrophoresis on 1.3% (wt/vol.) denaturising formaldehyde agarose gels. For elimination of residual DNA, the RNA was subsequently subjected to DNase 1 digestion (25 min at 37°C) using a kit (DNA-free; Ambion Inc., Austin, TX, USA). Total RNA (1 μg) was reverse-transcribed using a kit (Promega, Madison, WI, USA) according to the manufacturer's protocols. Table 1 . Each reaction volume of 20 μl contained 10 μl reaction mix (Promega), 0.5 μl of each primer (25 μmol/l), 0.5 μl fluorescent dye (EvaGreen; Biotium, Hayward, CA, USA) and 4.5 μl H 2 O. PCR was performed using a rotor-cycler (Rotor-Gene 6000; Corbett Research, Mortlake, NSW, Australia) and the following thermo profile: initial denaturation at 95°C for 120 s, followed by 40 cycles with 30 s denaturation at 94°C, 30 s annealing at 59°C (touchdown from 64°C with a 1°C decrease per cycle) and 30 s elongation at 72°C. At the end of each elongation step, fluorescence was determined for 15 s at a temperature of 80°C. For amplicon analysis a thermal denaturation profile was generated after each run. The PCR products were further analysed by separation on TAE-buffered 3% (wt/vol.) agarose gels (pH 8.0) and subsequent ethidium bromide staining, as well as by restriction analysis. Quantification of mRNA was done with Corbett Research software, comparing fluorescence intensities at a threshold level (C t -values) within the logarithmic range of the amplification curve, as previously described [31] . β-Actin expression was used for normalisation of target gene values throughout the experiments. Efficiency was calculated for each primer set from runs with serial tenfold cDNA dilutions using Corbett Research software [10] . Reaction efficiency was between 0.80 and 0.92 for target gene amplification, and 0.82 for the housekeeping gene β-actin. There was no significant variation in the levels of β-actin mRNA in the pineal gland regarding a specific time of the day in accordance with observations of Damiola et al. [32] for the mouse brain and liver. Control PCRs were performed using a PCR-reaction mix including primers without cDNA (non-template control) or with 1 μg total RNA in the reaction mixture (control for DNA carryover).
Statistical analyses For statistical evaluation of results and significance testing of group differences, the nonparametric Mann-Whitney U test and one-way ANOVA test were performed using GraphPad software (GraphPad Software, La Jolla, CA, USA). Groups were considered to be significantly different at p<0.05 (95% CI). Data are presented as means±SEM of at least five animals per group unless otherwise indicated (Table 1) .
Results
To investigate the influence of metabolic disturbances on body weight, male and female controls, and diabetic as well as insulin-treated diabetic rats were studied ( Table 1) . The results of male and female rats showed similar results in quality. The body weight of diabetic rats was reduced (p< 0.01), but was normalised by insulin substitution. In general, the body weight of female rats was lower. Figure 1 presents results of male (Fig. 1a , e, i) and female ( Fig. 1c , g, k) rats with their diurnal profiles. It also portrays the mean±SEM of peripheral blood glucose (Fig. 1b, d ), plasma insulin (Fig. 1f, h ) and plasma melatonin (Fig. 1j, l) . Results of male and female rats were comparable. Blood glucose levels of male and female rats showed a drastic elevation compared with those of controls, whereas insulin substitution through continuous release from implanted insulin pellets reduced glucose to levels comparable with controls. The results of plasma insulin determination in males (Fig. 1e , f) and females ( Fig. 1g, h ) demonstrate a drastic reduction in diabetic rats, whereas insulin substitution virtually normalised the levels compared with controls. The plasma melatonin levels ( Fig. 1i -l) in diabetic rats were increased; however, they were almost normalised through insulin substitution. Very impressive is the opposite course of plasma insulin and plasma melatonin throughout a circadian period in male (Fig. 1e, i ) and female rats (Fig. 1g, k) . The statistically significant differences of the diurnal profiles of plasma melatonin in male and female rats as tested by one-way ANOVA were maintained in diabetic as well as insulinsubstituted rats. However, this phenomenon was not observed in the case of plasma insulin, where only the control rats displayed statistically significant diurnal profiles. The results of the three variables in Fig. 1 are of crucial importance.
To explain the data obtained, it was important to investigate the circadian expression profiles of the key enzymes of melatonin synthesis, Aanat (Fig. 2a, c) and Hiomt (also known as Asmt) (Fig. 2e, g ), as well as expression of the insulin receptor (Fig. 2i, k) and adrenoceptor β1 (Fig. 3a, c) on a transcriptional level in the pineal gland of male (Figs 2a, e, i, 3a) and female (Figs 2c, g, k, 3c) rats. Whereas female diabetic rats had elevated expression of pineal Aanat (NS) and Hiomt (significant), male diabetic rats showed no such increases. Similarly to plasma melatonin levels ( Fig. 1i-l) , insulin substitution reduced expression of Aanat and Hiomt mRNA in female rats (Fig. 2c, d , g, h) almost to control levels, whereas these levels remained unchanged in male rats (Fig. 2a, b, e, f) . On the other hand, the diurnal profiles of Aanat mRNA showed a maximum during the dark period and a minimum in the light period. The levels of pineal insulin receptor and pineal adrenoceptor β1 of male (Figs 2i, j, 3a, b) and female (Figs 2k, l, 3c, d) increased in diabetic rats. After insulin substitution these variables were normalised with the exception of pineal insulin receptor transcript levels in male rats (Fig. 2i, j) . The plasma insulin levels in both sexes of diabetic animals ( Fig. 1e-h) were extremely reduced and correspond in an inverse relationship with the pineal insulin receptor (Fig. 2i-l) and pineal adrenoceptor β1 (Fig. 3a-d) transcripts.
The average expression levels of insulin receptor (Fig. 2j, l) and adrenoceptor β1 (Fig. 3b, d ) were significantly increased in diabetic rats, whereas these effects, with the exception of the insulin receptor in male rats (Fig. 2j) , were reduced by insulin substitution. In addition to the diurnal rhythms of clock genes Per1 (Fig. 3e, g ) and Bmal1 (also known as Arntl) (Fig. 3i, k) in male (Fig. 3e, i) and female (Fig. 3g, k) rats, expression of these antagonistic clock genes was analysed in control, diabetic and insulin-substituted diabetic groups (Fig. 3e-l) . The expression of the clock genes was increased in diabetic rats ( Fig. 3e-h, k, l) , except for Bmal1 in male rats (Fig. 3i, j) . Insulin substitution reduced this increase to control levels. Clock genes in male and female rats, with the exception of Bmal1 in male rats, showed a statistically significant diurnal rhythm. The maximum of the amplitude of the inhibiting clock gene Per1 was found at the beginning of the dark phase (21:00 hours) (Fig. 3e, g ), whereas the activating clock gene Bmal1 was minimal at this time point (Fig. 3i, k) . Finally, the catecholamines adrenaline and noradrenaline were measured in blood plasma of male rats (Fig. 4) . The data demonstrate that adrenaline and noradrenaline were increased in diabetic rats. The catecholamine levels returned to near normal values after insulin substitution. In summary, the results demonstrate that the changes of the different variables in diabetic rats were normalised by insulin substitution.
Discussion
The present study deals with the influence of the diabetic metabolic state on melatonin synthesis and secretion of the pineal gland. The results emphasise the functional impor- Plasma insulin in male (e, f) and female (g, h), and plasma melatonin in male (i, j) and female (k, l) rats. Diurnal profiles (a, c, e, g, i, k) as well as mean±SEM (b, d, f, h, j, l) data are shown. The results show clear differences between control and diabetic rats, as well as mainly normalised data as a result of insulin substitution. The antagonistic reactions between insulin and melatonin are striking. Diurnal oscillations, i.e. tests of diurnal rhythmicity, were analysed by oneway ANOVA (a, c, e, g, i, k) and mean±SEM by Mann-Whitney U test (b, d, f, h, j, l); *p<0.05, **p<0.01, ***p<0.001 The bar below x-axes indicates light and dark phases of diurnal period. Continuous lines, control; dashed lines, diabetic; dotted lines, diabetic+insulin tance of the insulin-melatonin relationship and the effects of melatonin on the pancreatic beta cell [1, 3, 8] , which are mediated by MT 1 [2, 6] and MT 2 [9, 10] receptors [8, 33] . Previous studies have established that the effect of melatonin on the pancreatic beta cell is mediated by three intracellular pathways, as described in the introduction. Recent investigations have proven that slightly elevated plasma insulin levels are coupled to decreased plasma melatonin. These conditions are fulfilled in type 2 diabetes in rats and humans [10, 17] . In contrast, a rat model of type 1 diabetes induced by streptozotocin had either decreased or undetectable insulin levels, combined with elevated melatonin levels and increased expression of pineal Aanat, Hiomt, insulin receptor and the clock genes Per1, Bmal1, Dbp and adrenoceptor β1 [21] . Furthermore, diabetic rats showed stable diurnal rhythms of the variables listed above. These findings suggest that the pineal gland with its enhanced synthesis of the synchronising hormone melatonin and intact circadian oscillations of Aanat, Hiomt and the clock genes can compensate for severe metabolic disturbances [34] . These results are in contrast to data of others, for example Champney et al. , h) , and of insulin receptor (Insr) in male (i, j) and female (k, l) rat pineal glands. Diurnal profiles (a, c, e, g, i, k) as well as mean±SEM (b, d, f, h, j, l) data are shown. The results show differences between controls and diabetic rats for the expression of Hiomt and insulin receptor; however, no significant differences are shown for Aanat mRNA. Diurnal oscillations, i.e. tests of diurnal rhythmicity, were analysed by one-way ANOVA (a, c, e, g, i, k); and mean±SEM of all the diurnal data combined by Mann-Whitney U test (b, d, f, h, j, l); *p<0.05, **p<0.01, ***p<0.001. The bar below xaxes indicates light and dark phases of diurnal period. Continuous lines, control; dashed lines, diabetic; dotted lines, diabetic+insulin [35, 36] and, more recently, Stebelova et al. [37] . Moreover, opposite results on diurnal variations in plasma insulin, leptin, glucocorticoids, growth and thyroid hormones, glucose and fatty acids, as well as on the sympathetic neuronal activity, have been reported by other investigators [38] [39] [40] [41] .
In view of these differing results, it was paramount to clarify the following questions. First, can it be ruled out that streptozotocin causes unspecific reactions besides its classical effect, namely the destruction of the pancreatic beta cells with a subsequent loss of insulin production? Second, why are melatonin levels increased in rat models of type 1 diabetes (streptozotocin-induced and LEW.1AR1-iddm)? Additionally, we wanted to investigate male as well as female LEW.1AR1-iddm rats to analyse possible sexual dimorphisms. The body weight of female rats was in general lower than that of their male counterparts. These data are in agreement with those of others, who registered age-dependent sexual dimorphisms of weight and other variables [42] . These observations were the basis for our decision to investigate male and female rats. In general, the normalisation effects of insulin substitution on the transcript levels of the investigated genes were less clear-cut in male than in female rats. However, the crucial variables glucose, insulin and melatonin demonstrated a high concordance between the sexes. In addition, male and female LEW.1AR1-iddm rats had reduced weight in comparison with the controls. Substitution of insulin normalised the body weight. Our results also demonstrate convincingly that male and female LEW.1AR1-iddm rats had elevated blood glucose levels, combined with decreased plasma insulin and increased plasma melatonin. Insulin substitution normalised these values. These results support the existence of an insulin-melatonin antagonism, in agreement with recent data showing that long-term enteral application of melatonin reduced plasma insulin levels and increased expression of pineal insulin receptor mRNA [43] . The present study confirmed that, regardless of the extreme metabolic disturbances, the diurnal rhythms of increased plasma melatonin concentrations were conserved with expected higher levels during the dark period. In agreement with the increased level of plasma melatonin, expression of genes encoding the key enzymes of melatonin synthesis, Aanat and Hiomt, was upregulated, especially in the pineals of female rats. These data are consistent with expression results of the insulin receptor and the adrenoceptor β1 in the pineals. The expression of both genes was increased in LEW.1AR1-iddm rats, an effect that was counteracted by insulin substitution. In contrast to the LEW.1AR1-iddm rats of the present study, expression of pineal insulin receptor mRNA was decreased in the GK rat model of type 2 diabetes, together with an increase of plasma insulin [17] . These antagonistic reactions of plasma insulin and pineal insulin receptors show that insulin apparently influences melatonin synthesis in the pineal gland of the rat. There was no functional relationship between glucose and melatonin, because high levels of glucose were measured in both animal models, i.e. of type 1 (streptozotocin, LEW.1AR1-iddm) and type 2 diabetes (GK). However low levels of insulin were combined with high levels of melatonin (streptozotocin, LEW.1AR1-iddm) and increased insulin was combined with low concentrations of melatonin (GK). We also proved that the reactions were a direct result of the metabolic changes, and not a non-specific toxic effect of a toxin like streptozotocin. In this context it was important to demonstrate that in pinealocytes the inhibiting clock gene Per1 and activating clock gene Bmal1 showed intact diurnal rhythms, with peaks of Per1 at the beginning of the dark phase (21:00 hours) and minimum expression of Bmal1 at this time point. This antiphasic course of the diurnal oscillation of Per1 and Bmal1 transcripts in the pineal gland could be expected as an expression of intact biorhythm of the animals, which was also found for certain other variables (for example plasma melatonin and Aanat mRNA) of the investigated groups.
The coincidence of increasing plasma melatonin and adrenoceptor β1 mRNA, in conjunction with increased insulin receptor expression in the pineals together with the loss of plasma insulin, is the basis for the observed functional interactions of insulin-melatonin antagonism in our rat model of type 1 diabetes. The well-known insulinnoradrenaline relationship may be the key to the understanding of this functional correlation. This relationship is clearly evident, since the GK rat model of type 2 diabetes has diminished plasma catecholamines [44] , whereas in the rat model of type 1 diabetes increased catecholamines occur in different tissues [38] ; the latter model also has increased catecholamine metabolism [45] in comparison with metabolically intact rats. In contrast, different results were observed, for example by Garcia et al. [46] , who report that insulin potentiated noradrenaline-mediated melatonin synthesis, as well as arylalkyl-N-acetyltransferase activity. It should, however, be noted that this was a report on pineal glands incubated ex vivo. In that case, the authors described that insulin did not affect the activity of hydroxyindole-Omethyltransferase, or expression of Aanat and Hiomt. Recently, however, the same group was able to show in an in vitro experiment [47] that insulin 'in some timedinsulin-stimulations' also promoted a reduction of melatonin synthesis, which means that insulin, in dependence of the time-point of the diurnal rhythm, had different influences on melatonin synthesis. The latter point is in agreement with our own in vivo results on antagonistic reactions of insulin and melatonin [8, 10, 43] , which are based on crosstalk between noradrenergic and insulin pathways in the rat pineal gland. To explain the results of the present study, it is important to emphasise the strong insulin decrease combined with activation of pineal melatonin synthesis and secretion. This activation of the adrenoceptor β1, as demonstrated in this study, is combined with the well-known increase of noradrenaline content [38] and catecholamine metabolism [45] . This effect is likely to be due to a decrease in catechol-O-methyltransferase activity in a rat model of type 1 diabetes when stressed [48] . We were able to confirm these results in our rat model of type 1 diabetes. In agreement with the hypothesis described above of a functional relationship between catecholamines and insulin, we observed normalisation of catecholamines due to insulin treatment. This indicates that the treatment also normalised noradrenaline turnover, an index of sympathetic nerve activity. In summary, the increase of catecholamines stimulates adrenoceptor β1 and consequently the cAMP cascade, as well as adrenoceptor α1, which activates the IP 3 cascade in the pineal gland and subsequently melatonin synthesis and secretion [8, 18, 44] . An explanation of the increased melatonin levels in our rat models of type 1 diabetes (streptozotocin and LEW.1AR1-iddm) could be that the melatonin increase is a protective reaction of the organism, as reviewed by others [49] , to counteract diabetes-induced stress, thereby attenuating oxidative stress-induced beta cell damage in type 1 diabetes, as previously suggested in a review [50] . It cannot be ruled out that the high level of melatonin in our rat model of an autoimmune disease may be a defence response to suppress the rapid progress of islet and beta cell destruction. However, it should be kept in mind that also a similar enhancement of melatonin was also monitored in a streptozotocin-treated rat model of type 1 diabetes [21] .
